Unsteady boundary layer flow of Carreau fluid over a permeable stretching surface  by Khan, Masood & Azam, Muhammad
Results in Physics 6 (2016) 1168–1174Contents lists available at ScienceDirect
Results in Physics
journal homepage: www.journals .e lsevier .com/resul ts - in-physicsUnsteady boundary layer flow of Carreau fluid over a permeable
stretching surfacehttp://dx.doi.org/10.1016/j.rinp.2016.11.035
2211-3797/ 2016 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
⇑ Corresponding author.
E-mail address: mazam_25@yahoo.com (M. Azam).Masood Khan, Muhammad Azam ⇑
Department of Mathematics, Quaid-i-Azam University, Islamabad 44000, Pakistan
a r t i c l e i n f oArticle history:
Received 9 October 2016
Received in revised form 2 November 2016
Accepted 17 November 2016
Available online 25 November 2016
Keywords:
Unsteady boundary layer flow
Carreau fluid
Heat transfer
Numerical solutionsa b s t r a c t
The main objective of the present work is to present numerical solutions of the unsteady two-
dimensional boundary layer flow and heat transfer of an incompressible Carreau fluid over a permeable
time dependent stretching sheet. Using suitable transformations, the time dependent partial differential
equations are converted to non-linear ordinary differential equations. The numerical results of these non-
linear ordinary differential equations with associated boundary conditions are determined by using the
bvp4c function in MATLAB. The numerical results are investigated for the emerging parameters namely,
the unsteadiness parameter A, mass transfer parameter S, Prandtl number Pr, power law index n and
Weissenberg number We. It is important to state that both the momentum and thermal boundary layer
thicknesses diminish with increasing values of the unsteadiness and mass transfer parameters. A compar-
ison with the available literature in limiting cases is performed and found to be in good agreement.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃq
Introduction
In recent years, the researchers have shown a keen interest in
the study of shear driven flows involving the generalized
Newtonian fluids due to their vast applications in engineering
and scientific processes. The generalized Newtonian fluids are
those in which viscosity of the fluid depends on the shear rate.
The power law viscosity model is the most simplest generalized
Newtonian fluid. However, the viscosity for very small and very
large shear rates can not be predicted adequately by the power
law viscosity model. Due to such limitations of the power law
viscosity model, we consider another viscosity model from the
class of the generalized Newtonian fluids named as Carreau
rheological model. Carreau model overcomes the above said limi-
tations of the power law model. This model possesses the ability
of characterizing the rheology of different polymeric solutions such
as 1% methylcellulose lylose in glycerol solution. Carreau model
was first proposed by Carreau [1] in 1972. The constitutive law
for the Carreau model can be written as s ¼ pIþ lð _cÞA1 with
l ¼ l1 þ ðl0  l1Þ½1þ ðC _cÞ2
n1
2 where l the apparent viscosity,
p pressure, I identity tensor, A1 first rivlin-ericksen tensor defined
by A1 ¼ ðgradVÞ þ ðgradVÞt ;l0 shows zero shear-rate viscosity and
l1 the infinite shear-rate viscosity. The shear rate _c is written as_c ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
2RiRj _cij _cji
q
¼
ﬃﬃﬃﬃﬃﬃﬃ
1
2P
q
¼ 12 trðA21Þ where P is second invariant
strain rate tensor. Here, we consider the case when l1 ¼ 0 and
thus s ¼ pIþ l0½1þ ðC _cÞ2
n1
2 A1 where n is the power law index
and C time material constant.
During the last few years, there has been a growing interest in
studying the generalized Newtonian fluid model due to its wider
acceptance in industrial and technological flows. To the best of
our knowledge, the study of the Carreau fluid model has rarely
been made in spite of its diverse applications. We have reported
limited studies carried out on the flows of Carreau fluid. For
instance, Hsu et al. [2] examined the electrophoresis of a sphere
at an arbitrary position in a spherical cavity filled with Carreau
fluid. Ali and Hayat [3] studied the peristaltic transport of Carreau
fluid in an asymmetric channel. Tshehla [4] investigated the flow of
Carreau fluid down an inclined free surface. Olajuwon [5] carried
out the numerical study of heat and mass transfer of Carreau fluid
with thermal radiation and thermal diffusion. Ashrafi and
Mohamadali [6] investigated the numerical solutions of transient
flows and heat transfer of shear thinning fluid. Recently, Khan
et al. [7] studied the numerical solutions for MHD flow and heat
transfer of Carreau fluid over stretching sheet with non-linear ther-
mal radiation and convective boundary conditions. On the other
hand, unsteady flow problems due to stretching surface have been
investigated by various authors. For instance, Sharidan et al. [8]
presented the similarly solutions for unsteady boundary layer flow
and heat transfer of viscous fluid. Chamkha et al. [9] obtained
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ence of suction. Mukhopadhyay and Gorla [10] discussed the
effects of Maxwell parameter on heat transfer past a stretched
sheet. Grubka and Bobba [11] and Chen [12] analyzed the effects
of unsteadiness on heat transfer flows over stretching sheet. Hayat
et al. [13] presented the series solutions for convective flow of
Carreau nanofluid over a stretched surface. They observed that
the impact of Brownian motion parameter and Lewis number on
the local Nusselt and Sherwood numbers are qualitatively same.
The study of MHD thixotropic nanomaterial in doubly stratified
medium was reported by Hayat et al. [14]. They turned out that
the thermal and concentration stratified parameters resulted in
the diminishing of temperature and concentration profiles. The
analysis on mixed convection flow of MHD micropolar fluid in
the presence of convective surface condition was studied byWaqas
et al. [15]. Impact of Cattaneo-Christov heat flux model for the
stagnation point flow over a nonlinear stretched surface was inves-
tigated by Hayat et al. [16]. They pointed out that the temperature
gradient increases when the thermal relaxation parameter is
enhanced. Impact of variable thermal conductivity on the flow of
generalized Burgers fluid with Cattaneo-Christov heat flux model
was discussed by Waqas et al. [17]. They concluded that the fluid
temperature predicted an inverse relationship with the thermal
relaxation time. Due to vast applications of stretched flows in
engineering and science, several studies over the stretched flows
were reported by Hayat et al. [18–20].
Motivated by the above literature and applications, in the pre-
sent work, the analysis is carried out to construct the numerical
solutions of unsteady boundary layer flow and heat transfer of
Carreau fluid over a permeable time dependent stretching sheet.
It is an important to mention here that Carreau fluid is an impor-
tant class of the generalized Newtonian fluid. To the best of authors
knowledge, no attempt has been made so far to study the unsteady
boundary layer flow and heat transfer of Carreau fluid over a
permeable stretching surface. The aim of the present paper is to fill
up the gap in existing literature.Mathematical formulation
Consider a laminar two-dimensional unsteady boundary layer
flow and heat transfer of an incompressible Carreau fluid in the
region y > 0 over a time-dependent permeable stretching sheet.
The physical model and coordinate system are shown in Fig. 1.
The Cartesian coordinates x and y are chosen in such a way that
x-axis is along the stretching sheet and y-axis is normal to it. The
flow is generated due to the permeable stretching sheet by apply-
ing two equal and opposite forces along x-axis. It is assumed thatFig. 1. Physical model and coordinate system.the surface is moving with the velocity Uwðx; tÞ and that the mass
flux velocity is VwðtÞ. It is also assumed that the temperature of
the sheet is Twðx; tÞ and considered to be higher than the ambient
temperature T1 ðTw > T1Þ. The viscous dissipation effects are
neglected in heat transfer process here. For the unsteady two-
dimensional flow, the velocity and temperature fields are assumed
to be of the form
V ¼ ½uðx; y; tÞ; vðx; y; tÞ;0; T ¼ Tðx; y; tÞ: ð1Þ
Under these assumptions, the basic boundary layer equations of
the problem under consideration can be written as [21].
@u
@x
þ @v
@y
¼ 0; ð2Þ
@u
@t
þ u @u
@x
þ v @u
@y
¼ m @
2u
@y2
1þ C2 @u
@y
 2" #n12
þ mðn 1ÞC2
 @
2u
@y2
@u
@y
 2
1þ C2 @u
@y
 2" #n32
; ð3Þ
@T
@t
þ u @T
@x
þ v @T
@y
¼ a @
2T
@y2
; ð4Þ
along with the boundary conditions
u ¼ Uwðx; tÞ; v ¼ VwðtÞ; T ¼ Twðx; tÞ at y ¼ 0; ð5Þ
u! 0; T ! T1 as y!1: ð6Þ
where u and v represent the velocity components along the x- and
y-directions, respectively, and t the time. Further, T and m are the
fluid temperature and kinematic viscosity, respectively, a ¼ kqCp
 
the thermal diffusivity with q fluid density, k thermal conductivity
of the fluid and Cp the specific heat.
Further, we assumed that the stretching velocity Uwðx; tÞ, the
surface temperature Twðx; tÞ and mass fluid velocity VwðtÞ are of
the following form:
Uwðx; tÞ ¼ ax1 ct ; Twðx; tÞ ¼ T1 þ
T0Uwx
mð1 ctÞ12
; VwðtÞ ¼ V0ð1 ctÞ12
;
ð7Þ
where ct < 1 with a and c are positive constants having dimensions
reciprocal of time. V0 is a uniform suction/injection velocity (V0 > 0
for suction and V0 < 0 for injection). The effective stretching rate
1
1ctð Þ increases or decreases with time since c > 0 or c < 0,
respectively.
The following suitable transformations are used for the present
case:
g ¼ y
ﬃﬃﬃﬃﬃﬃ
Uw
mx
r
; Wðx; y; tÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mUwx
p
f ðgÞ; hðgÞ ¼ T  T1
Tw  T1 ; ð8Þ
where g is the new independent variable, W represents stream
function having the property u ¼ @W
@y ;v ¼  @W@x .
By introducing the above transformations, the momentum and
energy Eqs. (3) and (4), respectively, are transformed into follow-
ing ordinary equations
1þ nWe2ðf 00Þ2
n o
1þWe2ðf 00Þ2
n on3
2
f 000 þ ff 00  ðf 0Þ2  A
h
f 0 þ g
2
f 00
i
¼ 0;
ð9Þ
h00 þ Prðfh0  2f 0hÞ  PrA
2
ðgh0 þ 3hÞ ¼ 0; ð10Þ
Table 1
Comparison of numerical results for f 00ð0Þ for different values of the unsteadiness
parameter A when n ¼ 1;We ¼ 0 and S ¼ 0 are fixed.
A Sharidan
et al. [8]
Chamkha
et al. [9]
Mukhopadhyay
et al. [10]
Present
study
0.8 1.261042 1.261512 1.261479 1.261043
1.2 1.377722 1.378052 1.377850 1.377724
Table 2
Comparison of numerical results for h0ð0Þ for different values of the Prandtl number
Pr when n ¼ 1;We ¼ 0; S ¼ 0 and A ¼ 0 are fixed.
Pr Grubka and Bobba [11] Chen [12] Present study
0.72 1.0885 1.08853 1.088915
1.00 1.3333 1.33334 1.333333
3.00 2.5097 2.50972 2.509698
10.0 4.7969 4.79686 4.796853
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g; We ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
a3C2x2
mð1ctÞ3
q 
the local Weissenberg number, Pr ¼ lCpk
 
the
Prandtl number and A ¼ ca
 
the unsteadiness parameter and the
transformed boundary conditions are
f ð0Þ ¼ S; f 0ð0Þ ¼ 1; hð0Þ ¼ 1; ð11Þf 0ð1Þ ! 0; hð1Þ ! 0; ð12Þ
where S ¼ V0ﬃﬃﬃmap  is the constant mass transfer parameter with S > 0
for suction and S < 0 for injection. It should be noted that theTable 3
Numerical values of the local skin friction Re1=2Cfx and the local Nusselt number Re
1=2Nu
Parameters R
A S We n ¼ 0:5
0 0.1 1 0.984502
0.5 – – 1.123568
1 – – 1.246418
2 – – 1.449686
1 0.1 – 1.246418
– 0.3 – 1.335645
– 0.5 – 1.432546
– 0.7 – 1.537409
– 0.3 1 1.335645
– – 3 1.057255
– – 5 0.924956
– – 7 0.845930
Table 4
Numerical values of the local Nusselt number Re1=2Nux for various Pr;A; S and n when W
Parameters
Pr A S
0.72 0.4 0.3
1 – –
3 – –
7 – –
1 0 –
– 0.8 –
– 1.2 –
– 2 –
– 0.8 0
– – 0.5
– – 1
– – 1.5results for viscous fluid can be achieved by putting We ¼ 0 in
Eq. (9).
From the engineering point of view, the quantities of interest in
this problem are the local skin friction coefficient Cfx and the local
Nusselt number Nux, which are given by
Cfx ¼ sw
qU2w
; Nux ¼ xqwkðTw  T1Þ ; ð13Þ
where the wall shear stress sw and the wall heat flux qw are defined
as
sw ¼ l0
@u
@y
1þ C2 @u
@y
 2" #n120@
1
A
y¼0
; qw ¼ k
@T
@y
 
y¼0
; ð14Þ
with l0 as zero shear rate viscosity.
Thus substituting Eq. (8) into Eq. (14) and using Eq. (13) the
following expressions can be attained
Re1=2Cfx ¼ f 00ð0Þ 1þWe2ðf 00ð0ÞÞ2
h in1
2
Re1=2Nux ¼ h0ð0Þ; ð15Þ
where Rex ¼ xUwm
 
is the local Reynolds number.
Discrete scheme and solution methodology
The non-linear ordinary differential Eqs. (9) and (10) subject to
the boundary conditions (11) and (12) are solved numerically by
utilizing numerical technique known as bvp4c function in
MATLAB. This method is based on the collocation method for solv-
ing boundary value problem of the form
y0 ¼ f ðx; y;pÞ; a 6 x 6 b; ð16Þ
with the general nonlinear, two-point boundary conditionsx for various A; S;We and n when Pr ¼ 0:72 are fixed.
e1=2Cfx Re
1=2Nux
n ¼ 1:5 n ¼ 0:5 n ¼ 1:5
1.105730 1.095643 1.135326
1.287783 1.299407 1.337392
1.459715 1.467672 1.506087
1.767831 1.753517 1.792850
1.459715 1.467672 1.506087
1.565328 1.528805 1.574201
1.678373 1.592750 1.645860
1.798792 1.659714 1.721167
1.565328 1.528805 1.574201
1.778164 1.460781 1.602252
1.924107 1.422661 1.616516
2.034999 1.397207 1.625560
e ¼ 3 is fixed.
Re1=2Nux
n ¼ 0:5 n ¼ 1 n ¼ 1:5
1.242221 1.349189 1.402305
1.532060 1.655670 1.713346
3.095507 3.271185 3.338009
5.382384 5.586108 5.654414
1.336608 1.475306 1.542443
1.699923 1.814883 1.867066
1.851349 1.959863 2.008210
2.120781 2.219770 2.262867
1.583452 1.672845 1.715929
1.783838 1.916890 1.975349
2.021771 2.198410 2.272115
2.308189 2.517657 2.604050
Fig. 2. A comparison of velocity profiles f 0ðgÞ for different values of the power law
index n when We ¼ 3 and S ¼ A ¼ 0 are fixed.
Fig. 3. Velocity profiles f 0ðgÞ for different values of the unsteadiness parameter A.
Fig. 4. Temperature profiles hðgÞ for different values of the unsteadiness parameter A.
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where p is a vector of unknown parameters. The approximate
solution SðxÞ is a continuous function which is a cubic polynomial
on each subinterval ½xn; xnþ1 of a mesh a ¼ x0 < x1 < x2 <
. . . . . . : < xn ¼ b satisfying the boundary conditions
gðSðaÞ; SðbÞÞ ¼ 0: ð18Þ
This solution also satisfies the differential equation system at
mid point and end points of each subintervalS0ðxnÞ ¼ f ðxn; SðxnÞÞ; ð19Þ
S0ððxn þ xnþ1Þ=2Þ ¼ f ððxn þ xnþ1Þ=2; Sððxn þ xnþ1Þ=2ÞÞ; ð20Þ
S0ðxnþ1Þ ¼ f ðxnþ1; Sðxnþ1ÞÞ: ð21Þ
The above conditions conclude in a system of nonlinear alge-
braic equations for the coefficients defining S. In comparison to
shooting method, the solution yðxÞ is approximated over the whole
interval ½a; b and the subsidary conditions are taken into account
every time. The nonlinear algebraic system is solved iteratively
by linearization. It is important to mentioned that this approach
relies upon the linear equation solver of the MATLAB rather than
its initial value problem codes. The basic method of bvp4c is the
Simpson’s method which can be seen in a number of codes. It
can be seen that with the modest consideration, SðxÞ is the fourth
order approximation to an isolated solution yðxÞ which implies
yðxÞ  SðxÞk k 6 Ch4 where C is the constant and h is the highest
of the step sizes hn ¼ xnþ1  xn. After the computation of SðxÞ on a
mesh with the help of bvp4c, it can be solved at any x or a set of
x in the interval ½a; b. The boundary value problem codes demand
users to provide a guess for the required solution. The guess
includes a guess for an initial mesh that depicts the behavior of
the required solution. The codes then use the mesh so as to obtain
a required solution with the modest mesh points. The residual rðxÞ
for such an approximation in the ordinary differential equation
systems is defined as
rðxÞ ¼ S0ðxÞ  fðx; SðxÞÞ: ð22Þ
Fig. 5. Temperature profiles hðgÞ for different values of the Prandtl number Pr. Fig. 6. Velocity profiles f 0ðgÞ and temperature profiles hðgÞ for various power law
index n.
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nary differential equations.
S0ðxÞ ¼ fðx; SðxÞÞ þ rðxÞ: ð23Þ
Similarly, gðSðaÞ; SðbÞÞ is the residual in the boundary condition.
If the residual is small then it means SðxÞ is close to yðxÞ. It is
important to state here that depends on algorithms that are
plausible even though the initial mesh is very poor, yet furnish
the correct results as h! 0 [22].
Results and discussion
The non-linear differential Eqs. (9) and (10) with the associated
boundary conditions (11) and (12) are solved numerically by using
the numerical technique namely bvp4c function in MATLAB. The
numerical results are obtained for different values of the emerging
parameters namely, unsteadiness parameter A, power law index n,
Prandtl number Pr, local Weissenberg numberWe, and mass trans-
fer parameter S. The impact of these parameters on the velocity
and temperature profiles are shown graphically. The numerical
values of the local skin-friction coefficient Re1=2Cfx and the local
Nusselt number Re1=2Nux are also tabulated in Table 3 for various
values of emerging parameters. Furthermore, the numerical calcu-
lations for the Nusselt number h0ð0Þ are presented in Table 4 for
various values of physical parameters. In order to check the
accuracy of the present computed results with available published
data, a comparison is performed between current computed results
and available literature in limiting cases.
Table 1 shows a comparison of the numerical results of the skin-
friction coefficient f 00ð0Þ for different values of the unsteadinessparameter A when n ¼ 1;We ¼ 0 and S ¼ 0 are fixed with pub-
lished results of Sharidan et al. [8], Chamkha et al. [9] and
Mukhopadhyay et al. [10]. On the evident of Table 1, the results
are found in outstanding agreement. Table 2 also represents a
comparison of the present numerical results of the Nusselt
number h0ð0Þ for different values of Prandtl number Pr when
n ¼ 1;We ¼ 0; S ¼ 0 and A ¼ 0 are fixed with available published
results of Grubka and Bobba [11] and Chen [12]. From Table 2, it
is clear that the results are found in excellent agreement. The vari-
ations of various values of the unsteadiness parameter A, mass
transfer parameter S andWeissenberg numberWe on the local skin
friction coefficient Re1=2Cfx and the local Nusselt number Re
1=2Nux
for both shear thinning 0 < n < 1ð Þ and shear thickening n > 1ð Þ
fluids are depicted in Table 3. It is obvious that by increasing the
values of the unsteadiness parameter A and mass transfer param-
eter S, the magnitude of the local skin friction coefficient Re1=2Cfx
increases in both shear thinning and shear thickening fluids. It is
interesting to note that by increasing the values of the Weis-
senberg number We, the magnitude of the local skin friction
coefficient decreases for the shear thinning fluid and increases
for shear thickening fluid. From Table 3, it can be seen that the local
Nusselt number is an increasing function of the unsteadiness
parameter A and mass transfer parameter S both for shear thinning
and shear thickening fluids. However, on incrementing the values
of the Weissenberg number We, the local Nusselt number
Re1=2Nux decreases in shear thinning fluid but increases in shear
thickening fluid. The numerical results of the local Nusselt number
Re1=2Nux for several values of the Prandtl number Pr, unsteadiness
parameter A and mass transfer parameter S are tabulated in Table 4
both for shear thinning and shear thickening fluids. From Table 1, it
M. Khan, M. Azam / Results in Physics 6 (2016) 1168–1174 1173is depicted that the local Nusselt number Re1=2Nux is an increasing
function of the Prandtl number Pr, unsteadiness parameter A and
mass transfer parameter S both for shear thinning fluid as well as
shear thickening fluid. Fig. 2 is constructed to represent the com-
parison of velocity profiles between Khan and Hashim [21] and
the present study. On the basis of this Fig., it can be seen that
the result are in good agreement.
The behavior of unsteadiness parameter A on the velocity field
f 0ðgÞ in the presence and absence of mass transfer parameter S is
displayed in Fig. 3(a) and (b) for both shear thinning and shear
thickening fluids. It is observed that when the unsteadiness param-
eter A increases, the velocity field f 0ðgÞ and momentum boundary
layer thickness decrease in both the shear thinning and shear
thickening fluids. However, it is observed that the momentum
boundary layer thickness is larger in case of the shear thickening
fluid as compared to the shear thinning fluid. The temperature field
hðgÞ for different values of the unsteadiness parameter A is shown
graphically in Fig. 4(a) and (b). From these Figs., it is noted that the
impact of increasing the values of unsteadiness parameter A is to
diminish the temperature field hðgÞ and thermal boundary layer
thickness. Physically, when unsteadiness enhances the sheet looses
more heat due to which temperature diminishes. The behavior of
temperature field hðgÞ for different values of the Prandtl number
Pr is displayed in Fig. 5(a) and (b). From these Figs., it is noticed
that an increase in the values of Prandtl number Pr results in a
decrease in temperature field hðgÞ and thermal boundary layer
thickness both in shear thinning and shear thickening fluids. This
is because of the fact that the fluid with higher Prandtl number
possesses low thermal conductivity and consequently reducesFig. 7. Velocity profiles f 0ðgÞ and temperature profiles hðgÞ for various Weissenberg
number We.the conduction and the thermal boundary layer thickness. Fig. 6(a)
and (b) elucidate the influence of the power law index n on the
velocity profiles f 0ðgÞ and temperature profiles hðgÞ, respectively.
These Figs. put in conformation that the velocity field f 0ðgÞ is an
increasing function of the power law index n while temperature
field hðgÞ is a decreasing function of it. Fig. 7(a) and (b) are plotted
to illustrate the influence of the local Weissenberg number We on
the velocity field f 0ðgÞ and the temperature field hðgÞ for both cases
of shear thinning and shear thickening fluids. From these Figs., it is
noticed that the velocity field f 0ðgÞ decreases by uplifting the Weis-
senberg number We in shear thinning fluid and opposite behavior
has been seen in shear thickening fluid. As far as the temperature
field is concerned, it increases by increasing the values of the
Weissenberg number We in shear thinning fluid. However, quite
the opposite behavior is noticed for the shear thickening fluid. By
the definition of the Weissenberg number, it is the ratio of the
relaxation time of the fluid and a specific process time. It improves
the thickness of the fluid and that is why the velocity of the fluid
diminishes. High Weissenberg flows means long relaxation time
in which the velocity of the fluid vanishes at the wall and away
from the wall the particles move long distances within one relax-
ation time and the particles close the wall move short distance.
Fig. 8(a) and (b) are drawn to analyze the effects of mass transfer
parameter S on velocity field f 0ðgÞ and temperature field hðgÞ for
both cases of shear thinning and shear thickening fluids. These
figures indicate that the velocity and temperature decrease by
increasing the values of mass transfer parameter S. It is important
to mention here that mass transfer reduces the momentum bound-
ary layer as well as thermal boundary layer thicknesses.Fig. 8. Velocity profiles f 0 ðgÞ and temperature profiles hðgÞ for various mass transfer
parameter S.
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In the present work, the bvp4c function in MATLAB was used to
present the numerical solutions for the unsteady two-dimensional
boundary layer flow and heat transfer of an incompressible
Carreau fluid over a permeable time dependent stretching sheet.
The numerical results were compared with avaible published data
and have been found in an excellent agreement. The centre of
attention of the present investigation was to explore the effects
of the emerging parameters namely, the unsteadiness parameter
A, mass transfer parameter S, power law index n, local Weissenberg
number We and Prandtl number Pr on the dimensionless velocity
profiles f 0ðgÞ, temperature profiles hðgÞ, local skin friction coeffi-
cient Re1=2Cfx and local Nusselt number Re
1=2Nux. The important
results are summarized as:
 The dimensionless velocity profiles f 0ðgÞ as well as temperature
profiles hðgÞwere decreased with an increment in the unsteadi-
ness parameter A and mass transfer parameter S for both shear
thinning 0 < n < 1ð Þ and shear thickening n > 1ð Þ fluids.
 The momentum boundary layer thickness and thermal bound-
ary layer thickness were decreasing function of the unsteadi-
ness parameter A and the mass transfer parameter S for both
shear thinning 0 < n < 1ð Þ and shear thickening n > 1ð Þ fluids.
 An increase in the Weissenberg number We resulted in a
decrement in the fluid velocity f 0ðgÞ in shear thinning fluid
and opposite effects in shear thickening fluid are as seen.
However, quite the opposite was true for temperature field.
 On increasing the values of the mass transfer parameter S, the
momentum and thermal boundary layer thicknesses were
decreased. However, the thermal boundary layer thickness
was thicker in shear thinning fluid when compared with the
shear thickening fluid.
 The magnitude of the local skin friction coefficient was
increased with an increment in the unsteadiness parameter A
andmass transfer parameter S both for shear thinning and shear
thickening fluids.
 The local Nusselt number was increased with an increase in
unsteadiness parameter A and mass transfer parameter S both
for shear thinning and shear thickening fluids.
The present analysis can be extended for gyrotactic microorgan-
isms and homogeneous-heterogenous reactions. The analysis can
also be extended for the case of variable thermal conductivity in
the presence of magnetic field etc.
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